Municipal solid wastes (MSW) typically contain plastic materials, leather, textiles, batteries, food waste and alkalis. These materials are sources of chlorine, sulfur, potassium, zinc, lead and other heavy metals that can form corrosive media during combustion of the MSW in waste-to-energy (WfE) facilities. Chlorides and sulfates, along with fly ash particles, condense or deposit on the waterwall surfaces in the combustion chamber and on other heat exchanger surfaces in the convection path of the process gas, such as screens and superheater tubes. The resulting high corrosion spots necessitate shutdowns and tube replacements, which represent major operating costs. The aim of ongoing research at Columbia University is to gain a better understanding of the effects of fuel composition, products of combustion, and chemical reactions that lead to the corrosion of metal surfaces in WfE boilers. The potential chemical reactions and their chance of occurrence were determined by means of thermochemical calculations of the respective equilibrium constants as a function of temperature and gas phase composition.
Introduction
A major problem in the operation of WfE facilities is the high corrosion of the heat exchanger tubes through which thermal energy from the combustion gases is transferred to the high-pressure steam that is used to operate the electricity generators.
The rate of corrosion in MSW combustion chambers is reported to be much higher than for conventional coal-fired power plants that For example, at large temperature gradients, the concentration of chlorides in the deposit is higher and the melting point of the eutectic solution decreases [1] . Also, in WfE boilers, the presence of lead and zinc in the deposits lower their melting temperature. Examination of tubes that have been subjected to severe corrosion showed that sulfate and chloride salts of sodium and potassium concentrate at the deposit/scale interface and become partially fused. [2] .
It has also been observed that the corrosion rate increases with increasing thickness of the deposit [1] .
The corrosion resistance of various steels and alloys has been evaluated by means of several field corrosion tests. However, the corroSlon rates of various high temperature steels and alloys seem to differ between furnaces and even between tests carried out in the same fum ace at different times. As noted above, this variation in corrosion rate of the same materials has been attributed to the nonhomogeneity of the MSW fuel [2] . Tchobanoglous and others [7] . Tables 1-3 show the estimated ultimate analysis for the selected three MSW fuels. A detailed description of the chlorine concentration in various MSW materials is shown in Appendix 1.
Corrosion Mechanisms
It is generally accepted that high temperature corrosion in WfE facilities is caused by chlorine either in the form HC!, C� or in the form of chlorides of Na, K, Zn, Ph, Sn, and other elements [6] . The most important factors in high temperature corrosion are [1]:
1. Metal Itmperature: A basic factor in accelerating the melt of deposits and activating corrosion rates.
2.
Gas temperature: Determines deposition rates and deposit compositions and hence affects strongly the corrosion rate.
3.
Temperature gradient betlnen gas temperature and metal temperature: Driving force for condensation of vaporized components such as chlorides on the cooled surface.
4.
properties of deposits such as gas penneability.
Temperatunfluctuations: Auctuation of combustion
The corrosion rates in creases with higher thicknesses of deposits.
by non-homogeneous waste and soot blowing cause shaxp gas temperature fl uctuation; this has been reported to increase the corrosion rate several-fold. "ased on [7] bSee detailed calculation in Appendix 1. 'based on [7] ' Sec detailed calculation in Appe ndix 1.
1 Corrosion mechanism i!Y chlorine containing gas [6]
Chlorine-driven corrosion is expected to occur at metal temperatures above 450°C. Alkali chlorides, i.e. Nap+2HCI= 2NaCI+HP
At relatively low tube wall temperatures, the sulfates are not very harmful and the HCl formed is transported away by the flue gas and cleaned-up in (3) and (4).
At 500°C sulfates and pyrosulfates can become unstable and react with protective oxide layers on metal surfaces; at temperatures above 550°C, the trisulfates can attack the metal according to reactions
3FeS +5S0z = Fep. +3S0z (7) 2S0z +Oz = 2S03 (8) the air pollution control system. However, if the gas The SO) can react with Na2SO. resulting in reaches the cooler tube walls before the reaction is cyclic corrosion reactions, which are enhanced in the completed, the alkali metals condense on the cooler presence of chlorides. The sulfate-driven corrosion metal and the probability of corrosion increases. phenomena can occur in large boilers of power stations, operated with substantial impurity levels in 3.2 Corro sion mechanism i!Y sulfatts [6] the fuel and at high steam temperatures.
At high metal temperatures, sulfur compounds will induce other corrosion reactions if the deposits contain compounds like iron oxides that can catalyze the reaction from S02 in S03. For example, the partial pressure of S03 may be high enough to
Calculation Method
Equilibrium calculations in HSC Chemistry use the Gibbs energy minimization method [3] . The prograIn finds the most stable phase combination and seeks the phase composition, for which the Gibbs free energy of the system reaches its minimum at a fixed mass balance (constraint minimization pro blem), constant pressure and temperature. Table 4 shows the ultimate analyses and the estimated elemental composition for the three selected MSW fuels, as were inputted in the HSC software.
Metal compositions were calculated based on the metal composition of a reference waste and subsequent extrapolation as reported in [2, 7, 8] . For computing the elemental composition of the reference waste, it was assumed that the heating value of MSW (as fired) is 11 MJ/ton and 3.7 % of metal content in the waste [8] . Metal compositions were then calculated by extrapolating the actual metal composition of the selected fuels. The moisture content was assumed to be uniform at 25 % for all three fuels. Ca b 9200
C d a 42
Cr a 57
Cu· 475
Fe b 2000
Hg a 1.1
Na b 600
Ni c 29
Pb c 2050

Sb c 200
Sn c 230
Zn a 1760
Sourcea. ,S ] , [2] , [7] Assummg 11 MJ/lon MSW as fi red
Computational Results
Flue-gas compositions were calculated using the estimated ultimate analysis of the three MSW fuels.
The equilibrium flue gas composition resulting from Table 4 were included in the were in the range of 10-300 ppm [9] . Concentrations of gaseous NaCl, KCl, Na2C�, NaOH and ZnC� were also present, with NaCl and KCl concentrations .over 100 ppm; Na2C�, NaOH and ZnCl2 range from 0.5 to 1 ppm at lOOO°C flue-gas temperature.
Equilibrium flue-gas concentrations for gaseous HCl, NaCl, KCI and S02 are shown in Figure 1 .
Concentrations of gaseous HCI, NaCl, KCI, and S02
were observed to increase at 600 °C and to peak at Figure 1 . CalculatedjIue gas concentrations of HCI, so], KCI and NaCl resulting from the combustion of NYC MSW (compare Table 4) , ... Figure 2 . Calculated jIue gas concentrations of K�l], Na;CJ2, ZnCI2, KOH and NaOHfrom the combustion of NYC MSW fuel (compare Table 4 ). Figure 3 . Calculated molar quantities of compounds of condensed phases at equilibrium with jIue gas, corresponding to the combustion of 1 kg of NYC MSW fuel.
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The calculated flue-gas composition resulting KCl were a few hundred ppm while Na2C12, NaOH and ZnCh varied from 1-5 ppm at lOOO"C flue-gas temperature. It is striking that these concentrations are relatively higher than the concentration resulting from combustion of NYC MSW, apparently due to the higher chlorine content of the US MSW fuel.
Equilibriwn flue-gas concentrations for gaseous HCI, NaCl, KCI and S02 are presented in Figure 4 . It can be seen that all concentrations started to in crease at 600"C and reached a maximum at 950"C with the exception of HCI that started to increase at 450"C. Table 4 )
Equilibrium flue-gas concentrations of gaseous Na2Clz, KzClz, ZnCh, KOH and NaOH are shown in Figure 5 . It is noted that concentrations of gaseous Na2Clz and KzCl2 did not increase with temperature.
The concentrations of KzCh and Na2Cl2 start to increase rapidly at 600"C, peak at about BOO°C, and mcrease with flue-gas temperature, with KOH and NaOH appearing at 1000"C and ZnCl2 appearing at 600"C, respectively. ppm, respectively. Figure 7 shows the equilibrium flue-gas concentrations at 400°C -12OO°C for gaseous HCI, NaCl, KCI and S02. Concentrations of gaseous HCI, NaCl, KCI, and S02 increased with higher flue gas temperatures. It was observed that HCI appeared at 450°C while NaCl, KCI and S02 were formed at 600°C.
It can be seen that concentrations of gaseous N a2Cb and �Cb did not increase with temperature while concentrations of gaseous KOH and NaOH increase with temperature. Figure 8 shows the molar quantities of pure compounds of condensed phases (solid/liquid) at equilibrium. Solid NaCI, KCI and
CaSO. are at equilibrium below 750°C while CaCh is at equilibrium at approximately 900°C and below. As for other fuels, solid Zno is stable over the entire temperature range.
.£M �-+--+--�-+--+--+ =-'::: :;:: =-0 " ' '�r'it;:: J 1 Figure 7 . Calculatedflue gas concentrations of HCI, S02, KCI and NaCl resultingfrom combustion of UKMSW fuel (compare Table 4 ) 
1 ChkJrides
The results of the thermodynamic calculations sh owed that an increase in chlorine content of the fuel has a significant influence on the production of gaseous HCI, KCI, NaCI, �Cl2 and Na2Cb and of the condensed phases of NaCl, KCl, ZnCb and ZnO.
It should be noted that the molar concentrations of these compounds were higher in the case of combustion of US MSW fuel that contains 0.7% chlorine than for the combustion of NYC MSW and UK MSW that contain 0.5% and 0.45% Cl, respectively,
Sulfates
In the equilibrium calculations, it was noticed that the concentrations of gaseous S02 and S03
increased with flue gas temperature. However, the molar concentration of S03 was extremely low. 
